Abstract. On 16 December 1857 a strong earthquake (M~7) struck a large portion of the southern Apennines about 150 km southeast of Naples. The earthquake was thoroughly investigated by Irish engineer Robert Mallet, who wrote an extensive report that is still regarded as a landmark in observational Seismology. Due to the concentration of damage in the High Agri Valley, and contrary to Mallet's own findings, for many years the earthquake was referred to as "Val d'Agri earthquake" and believed by most investigators to have ruptured the 20-25 km normal fault lying beneath this intermontane basin. The magnitude of the earthquake, however, and evidence for earthquake complexity suggest that the true rupture length has been so far underestimated. We contend that the 1857 earthquake 
Introduction
On 16 December 1857 a catastrophic earthquake struck southern Italy, killing over 11,000 people (19,000 according to unofficial sources) and causing widespread destruction in the High Agri Valley (hereinafter HAV), Melandro-Pergola Valley (hereinafter MPV) and Vallo di Diano (hereinafter VD) (Figures 1 and 2 ). The earthquake generated considerable interest among contemporary European scholars, some of whom traveled a long way to survey the earthquake effects. Among them was Robert Mallet, the founder of Seismology as the science that investigates the shaking of the Earth and that he regarded as "...the youngest branch of cosmical science..." (Mallet, 1848) . Soon after the earthquake Mallet sought a grant from the Royal Society of London that would allow him to make a reconnaissance journey through the region struck by the earthquake. He was prepared to devote "...a month or five weeks to the enquiry...", and considered that "... for this a sum of about One Hundred and Fifty Pounds would.... be required..." (from Mallet, 1862 ; page IX of Preface). Eventually Mallet's proposal was accepted, although the expedition turned out substantially more expensive and nearly twice as long as originally envisioned. Upon his return to England in April 1858 Mallet started collecting his experience in a volume (Mallet, 1862) that represents one of the most important contributions to the early development of Seismology and that has been recently been rediscovered and republished (Melville and Muir Wood, 1987; Ferrari, 2004 ).
Mallet reached the HAV from the VD (Figure 2 ) crossing the southern termination of the Maddalena Mts. and passing by the Magorno Plain, which at that time was a lake (Lake Maorno).
He spent a considerable amount of time in the VD inspecting heavy damage suffered by Polla, one of the largest settlements of the area, and a number of smaller villages. Unbeknown to him, he was only at the outskirts of the true meizoseismal area, the large concentration of damage having been caused by extensive and sustained site amplifications at Polla and its nearby villages (Mucciarelli et al., 1999) . He later inspected all villages settled on both sides of the HAV, reporting the damage sustained by buildings as well as natural phenomena that accompanied the earthquake (Figure 2 ). In spite of the earthquake magnitude, similar or even greater than that of the surface breaking, 23 November 1980, Irpinia event (Mw 6.9) that occurred a few tens of km further to the northwest (Figure 1 ), during his visit Mallet did not describe any evidence that could be positively ascribed to surface faulting.
The earthquake was generated along the well-known Apennines-top seismogenic trend (Pantosti and Valensise, 1988; Galadini et al., 2001; Valensise and Pantosti, 2001a) . Although no instrumental evidence exists for such an old earthquake, its location, the characteristics of the modern seismic release in the region (e.g. Cucci et al., 2004; Vannucci and Gasperini, 2004; Moro et al., 2007) , the nature of the modern stress field (Montone et al., 2004) and the abundant active tectonics evidence, all suggest that the 1857 event was caused by normal faulting along a NWtrending plane. Overall, the tectonic style of the 1857 earthquake appears to be very similar to that of the well-investigated 1980 earthquake, yet there has been considerable debate over the exact geometry and kinematics of its causative source (e.g. Benedetti et al., 1998; Borraccini et al., 2002; Cello et al., 2003; Galli et al., 2006; Maschio et al., 2005) .
Modern automatic analyses of intensity data yield an equivalent moment magnitude 7.0 (Gasperini et al., 1999; CPTI Working Group, 2004) , making 1857 one of the largest Italian earthquakes of all times and implying a rupture length of roughly 50 km (Wells and Coppersmith, 1994 ) (see black rectangle in Figure 2 ). All macroseismic reconstructions, starting with the one elaborated by Robert Mallet, point at a very large meizoseismal area elongated in the NW-SE direction (Figure 3 ).
The earthquake caused extensive damage over an exceptionally large area. Intensity X and larger (MCS scale) were reported over a 900 km 2 region (Figure 2) . Most of the damage was suffered by the HAV, although intensity IX and X reports are spread over a region extending from the northern end of the VD to the Sant'Arcangelo Basin (Figures 2, 3) . The HAV is also the geographic area where Robert Mallet spent most of his time. As a result of these circumstances the 1857 is commonly referred to as the "Val d'Agri earthquake", in spite of it having generated considerable damage outside the HAV proper. Early geological investigations of the earthquake immediately focused on the 20-km stretch of the HAV extending from Marsico Nuovo to Grumento Nova as the locus of its causative fault (Pantosti and Valensise, 1988; Burrato, 1995; Burrato, 2001 , in DISS database v 2.0: Valensise and Pantosti, 2001b) , that is also where a faults scarp compatible with the 1857 earthquake has been encountered in paleoseismological investigations (D'Addezio et al., 2006) . This important geologic, structural and landscape feature, however, is limited in length and can in no way accommodate a seismogenic structure longer than about 25 km. Nearly all subsequent papers on the subject also concentrated on Val d'Agri (Benedetti et al., 1998; Borraccini et al., 2002; Cello et al., 2003; Maschio et al., 2005) , implicitly assuming that the northern and southern terminations of the rupture coincide with the northwestern and southeastern physiographical boundaries of the basin.
Subsequent investigations focused on the MPV, a basin located between the northern end of the HAV basin and the southern end of the rupture associated with the 23 November 1980
Irpinia earthquake (Figures 1, 2) . The MPV is believed to host a large normal fault similar in style to those underlying Irpinia and Val d'Agri (Burrato and Valensise, in DISS database v 2.0: Valensise and Pantosti, 2001b; Cucci et al., 2004; Lucente et al., 2005; Moro et al., 2007) . The Melandro-Pergola basin was affected by the 1857 earthquake, but not as much as the Val d'Agri proper. On these grounds, it was believed not to have ruptured in 1857, and therefore to be a good candidate for an impending, roughly M 6.5 earthquake (Valensise and Pantosti, 2001b; Montone, 2004; Lucente et al., 2005) .
A careful examination of 1857 earthquake reports suggests that a significant foreshock occurred about two minutes before the mainshock. According to Branno et al. (1983) , this foreshock was a significant (M 6.0 or larger) event that produced damage in an area located to the north of Val d'Agri and roughly corresponding with the Melandro-Pergola basin. This area falls within the largest intensity isoseismal as mapped by Mallet in 1858 (Figure 3) , and almost entirely within the intensity X area of Boschi et al. (2000) (Figure 2 ).
In this paper we reanalyze the rupture history of the 1857 earthquakes in light of all available evidence, and propose a new rupture scenario that explains both its severity and its damage pattern.
The earthquake intensity pattern and focal parameters
Robert Mallet investigated in great detail both the distribution of damage induced by the earthquake and its source parameters. (Boschi et al., 2000) (Figure 2 ) shows that the region that suffered the largest damage (intensity X and above) is substantially smaller than the simplified, over 80 km-long oval area envisioned by Mallet ( Figure 3 ). The main discrepancies are seen at the northern end of the VD, where the large damage reported at Polla and neighboring localities is most likely affected by significant site amplifications (Mucciarelli et al., 1999) , and in the MPV, where observed intensities appear to be somewhat but consistently smaller than in the HAV. Aside from these differences, both Mallet's and Boschi et al.'s intensity distributions are rather symmetric with respect to the HAV and to the fault that is believed to lie beneath it.
Although most investigators considered the 1857 a single large earthquake, a detailed examination of the available sources suggests that it was in fact a complex event composed by at least two large shocks. In the framework of a thorough reassessment of the 1857 intensity field, Branno et al. (1983) quoted Leopoldo Del Re, the Director of the Astronomical Observatory of Naples, according to whom "... alle ore 10 e minuti 10 di Francia si è sentita una prima scossa di tremuoto della durata di quattro in cinque secondi, la quale è stata dopo due minuti seguita da altra di assai maggiore intensità e della durata di circa venticinque secondi..." ("... at 10 hours ten minutesFrench time -we (in Naples, about 150 northwest of the HAV) felt a first shock that lasted for 4-5 seconds, and that was followed two minutes later by a much stronger shock that lasted for about 25 seconds..."). Quite surprisingly, this characteristic of the 1857 earthquake was largely overlooked by Mallet, perhaps because it required the ability to interact with the local population, most of which was not educated and spoke Italian with a broad regional accent (conversely, Mallet did not speak Italian at all). The existence of two separate shocks was confirmed by a number of other sources, though more loosely.
Based on all available evidence Branno et al. (1983) attempted a separation of the effects of the first shock from the overall intensity field (Figure 4 ). They initially singled out localities where the first shock was clearly felt as a distinct earthquake that induced a considerable level of damage (solid circles and solid squares in Figure 4 ). Their reconstruction shows that the first shock affected the northern portion of Mallet's meizoseismal area, between the villages of Balvano to the northwest and Marsico Nuovo to the southeast. This roughly circular area locates entirely to the northeast of the surface projection of the northeast-dipping fault contained in the DISS database as Melandro-Pergola Source and investigated in detail by Cucci et al. (2004) . Interestingly, the southeastern end of this portion of the meizoseismal area nearly coincides with the physiographical saddle that separates the Melandro-Pergola basin from the Agri basin and with the gap between the two adjacent seismogenic sources mapped in the DISS database (Figure 4 ).
The earthquake magnitude was estimated by at least three independent groups of investigators using widely different techniques. Table 1 The investigation of the exact earthquake location comprises a significant fraction of Mallet's work. Part III of his volume, entitled "Deductions and conclusions", contains a number of chapters dedicated to the investigation of the earthquake focal parameters, of wave velocity, of anomalous sounds and precursory shocks. In this paper we are especially concerned with the determination of the epicenter. Mallet carried out 177 observations relating to the wavepath direction at 78 localities and developed a complex methodology to determine the site where the earthquake had presumably originated. In some instances he was able to observe also the angle of emergence of wavepaths, so that he actually determined the location and depth of the earthquake "focal cavity", as he called it, not just an epicenter. We contend that the 1857 earthquake was a complex event caused by the rupture of both these adjacent, kinematically compatible faults that had experienced a long quiescence prior to the XX century. Our conclusion is based on three independent lines of evidence. 1) Earthquake magnitude and rupture length. Under the assumption that the depth of the seismogenic layer in the region hit by the 1857 earthquake is similar to that characterizing the region of the 1980 Irpinia earthquake, and that coseismic slip in 1857 was also in the same order of magnitude as in 1980 (1.0-2.0 m), the HAV and MPV faults are assigned a potential for Mw 6.7 an 6.6, respectively, using Hanks and Kanamori (1979) equation for converting M0 into Mw (see Table 2 ). These geology-based magnitudes must be compared with the estimates obtained for 1857 from intensity data (Table 1) . Even rupturing both faults in a single large earthquake results in a magnitude that is at least 0.1 M units smaller than the 7.0 estimate obtained from intensity data alone by the compilers of the CPTI catalogue (CPTI Working Group, 2004) using the automatic technique developed by Gasperini et al. (1999) 
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Aside from the numerous uncertainties that characterize the calculation, the mismatch suggests not only that the participation of both the HAV and MPV faults to the 1857 earthquake is a viable scenario, but also that the length, width or coseismic slip of the fault may still be underestimated.
The relationships derived by Wells and Coppersmith (1994) for normal faulting suggest that a M 6.8-7.0 earthquake requires rupturing of a 44 to 68 km-long fault (assuming the width and coseismic slip specified in Table 2 ). There is therefore ample room for a 1857 rupture involving both adjacent segments, even if the magnitude estimated by Branno et al. (1983) is assumed (M 6.84). Notice that the 1980 Irpinia earthquake was definitely a complex event caused by the rupture of a 38 km section of the Apennines seismogenic zone, plus a further 10 km stretch along an antithetic fault (Bernard and Zollo, 1989, Pantosti and Valensise, 1990) . The CPTI catalogue (CPTI Working Group, 2004) rates this earthquake Mw 6.9 using the same magnitude assessment technique used for 1857.
2) Evidence for earthquake complexity. The information brought forward by Baratta (1901) and Branno et al. (1983) on the exact timing of the mainshock and the reconstruction of the damage associated with the first shock presented by Branno et al. (1983) (Figure 4 ) supply compelling evidence for faulting complexity. Earthquake source complexity is a common occurrence in Italian earthquakes, although the time lapse between subsequent shocks may vary substantially. Table 3 3) Earthquake epicentral location. Mallet's epicenter falls within 5 km of the northern end of Melandro-Pergola seismogenic source listed by the DISS database (Figures 2, 3) . Even allowing for a substantially greater epicentral uncertainty than that admitted by Mallet, it is remarkable that (a) the presumed rupture nucleation falls near one end of the meizoseismal area, and (b) the location of Mallet's epicenter falls about 30 km from the CPTI catalogue location (Figure 2 ). This evidence suggests that the 1857 may have ruptured in a cascade fashion the MPV fault first, then the larger HAV fault ( Figure 6 ). The rupture would have initiated from the northwestern edge of the MPV fault and propagated unilaterally towards the southeast.
According to McGuire et al. (2002) , predominantly unilateral rupture propagation is seen in approximately 80% of large shallow earthquakes ruptures, and is therefore a likely rupture mode also for 1857.
Discussion and conclusions
We supplied evidence suggesting that the 1857 earthquake was caused by the cascade-style rupture of two rather large fault segments, together forming a ~40 km-long complex seismogenic source ( Figure 6 ). We found that the geologically-estimated cumulative moment associated with the two faults rupturing in a rapid sequence justifies the extent of the 1857 meizoseismal area, Mallet's presumed location of the rupture initiation and the global seismic moment inferred from routine elaboration of intensity data.
If the Melandro-Pergola Valley (MPV) and High Agri Valley (HAV) faults both ruptured in 1857, the MPV fault should no longer be considered a seismic gap, suggesting that a ~100 kmlong section of the Appennines seismogenic backbone has ruptured entirely over the past 150 years (Figure 1 ). This finding may indeed have significant implications for the local seismic hazard, especially considering a) the lack of historical seismicity in the M range 5.5-6.5, which suggests that the seismic release is dominated by large characteristic earthquakes, and b) that the typical recurrence interval of large southern Apennines faults is in the order of two millennia (Pantosti et al., 1993; Galadini et al., 2001; DISS Working Group, 2007) .
The timing of the two 1857 subevents raises an interesting and very general question. The 2-3 minute lapse between shocks puts the 1857 earthquake in between two well-known endmembers of Italian earthquake complexity: the 1980 Irpinia earthquake, that ruptured three discrete faults within about 40 seconds (Table 3) , and the catastrophic 1783 earthquake in southern Calabria, that took 48 hours to rupture a ~60 km stretch of the Calabrian Arc extensional zone with three distinct events (Boschi et al., 2000; DISS Working Group, 2007) .
Similarly to the case of the 1857 earthquake, in both instances the ruptured faults were almost perfectly aligned and shared a similar geometry at depth, thus providing optimal conditions for earthquake triggering by Coulomb stress transfer (see Nostro et al., 1997 and Jacques et al., 2001 , for 1783 . Overall, 1857 appears to be more similar to the well-documented case of 1980, a true paradigm of earthquake complexity; but 1980 has always been regarded as one single shock, whereas a 2-3 minutes time lapse is long enough that the two shocks can be considered as separate ones, at least from the seismological point of view. Understanding whether the 1857 earthquake actually shook as a single large earthquake or as two separate smaller events would require a source-time function or information on the 1857 coseismic slip, all of which is unfortunately not available. Nevertheless, the reiteration of similarly large though moderate ground shaking through two similarly large subsequent earthquakes has certainly contributed to increase the level of damage in the meizoseismal area.
The strong asymmetry of the earthquake effects with respect to the presumed causative faults -larger damage in the southern HAV, smaller in the MPV (Figures 2, 3 , 4) -can hardly be explained by the relatively limited site effects detected in the HAV (Gallipoli et al., 2003) .
Rather, it is likely a result of fault directivity, similarly to what is seen in most crustal earthquakes worldwide (e.g., McGuire et al., 2002) . This circumstance could be tested by generating a scenario earthquake and superimposing it on the observed intensity field.
Unfortunately this characteristic of the 1857 earthquake is partially traded off with the lower density of villages in the MPV and with the fact that Mallet spent most of his time in the investigation of earthquake effects in the HAV and never went to the MPV.
Our findings also show that the rendering of large historical earthquakes by conventional parametric catalogues can be very crude and misleading, as also shown by a recent reassessment of the 1456 earthquake, the largest to have ever occurred in peninsular Italy . It is well-known that the location of the instrumental and macroseismic epicenters may differ substantially, but the case of 1857 shows that for a large crustal earthquake (i.e. one generated by a long fault rupture) characterized by unilateral fault rupture the mismatch between the two locations can be 30 km or more (Figure 2 ). This is generally not an issue for SHA practice if the calculations are based on consistently prepared catalogues (for instance, earthquake locations presented in the CPTI catalogue were purposely obtained from intensity data even if instrumental data were available), but it may become an issue when using mixed historical-instrumental catalogues. The issue is far more serious in areas characterized by significant earthquakes, such as most Mediterranean countries. Treating earthquakes as point sources may be an acceptable practice in areas where earthquakes do not normally exceed M 6, such as in central and northern Europe, but is definitely not a satisfactory approximation when dealing with 20-40 km-long faults. Recall that in conventional SHA practice based on seismogenic zoning, earthquakes are treated as point sources that are allowed to travel through big areas, irrespective of the actual length and geometry of the associated fault. To account at least partially for this physical drawback seismogenic zones must be drawn substantially longer than one fault length. This issue has been recently addressed in the context of the new seismic hazard map of Italy by Meletti et al. (2007) , who drew larger seismogenic zones to accommodate longer earthquake ruptures and improve the reliability of earthquake rates. Branno et al., 1983 X ---6.84 Based on felt area following the method proposed by Galanopoulos (1961) NT4.1 (Camassi and Stucchi, 1997) X-XI XI 7.0 Mm (macroseismic magnitude obtained from I0)
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CFTI v. III (Boschi et al., 2000) CPTI04 (CPTI Working Group, 2004) XI XI 7.0
Me ("equivalent" magnitude obtained from all available intensities using the Boxer code: Gasperini et al. (1999) . Equated to Mw by regression using intensity data available for instrumentally-recorded earthquakes * Assumes an average coseismic slip of 1.5 m for similarity with the adjacent causative fault of the 23 November 1980 earthquake. ** Based on M0 following Hanks and Kanamori (1979) . *** Based on fault area following Wells and Coppersmith (1994 Table 3 -Instrumental earthquake sequences characterized by similarly large multiple main shocks (see Figure 5 ). seismogenic sources from the DISS database (same as in Figure 1) . A white dashed line contours all intensities X and above. The black rectangle is the macroseismic source derived by automatic analysis of intensity data (Gasperini et al., 1999) . The stars numbered 1, 2 are the epicenters proposed by Mallet and obtained by automatic analysis (Gasperini et al., 1999; Boschi et al., 2000) , respectively.
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The black line with arrows highlights the route followed by where the first shock was distinctly felt (from Branno et al., 1983, redrawn) . Type 1 and 2 localities are those where people were able to distinguish the two shocks (solid circles and solid squares, respectively); Type 3 are those localities where only one large shock was felt; Type 4 are localities not evaluated. Notice that the intensity pattern obtained by Branno et al. is different from that later published by Boschi et al. (2000) , shown in Figure 2 . Also shown are Quaternary basins (outlined by a hachured pattern), relevant DISS seismogenic sources (same as in previous figures) and Mallet's 
